The fiber genes of human adenovirus types 8, 9, 15, and two genome types of intermediate adenovirus 15/H9, all belonging to subgenus D, were sequenced and the nucleotide and predicted amino acid sequences compared. The analyzed peptide sequences were consistent with the structural domains described for other adenoviruses: an aminoterminal tail region, an intervening shaft region composed of eight repeating 15-amino-acid segments, and a carboxyterminal knob. Furthermore, several highly conserved sequences could be confirmed. The fiber genes of AV9 and the AV15/H9 intermediate strains were 100% identical, not only in the coding region, but also in the presented 5'-and 3'-flanking regions. These findings support the hypothesis that intermediate strains arise by recombination of two serologically different parent viruses. The predicted AV8, Avg, and AV15/H9 polypeptides showed an overall homology of 92%. In the knob regions, AV8 and AV9; AVl 5/H9 intermediate strains revealed nine mismatches. AV8 is the main causative agent of epidemic keratoconjunctivitis in man, whereas AV9 and the AV15/H9 intermediate strains only infrequently cause acute follicular conjunctivitis. Since the knob is the component responsible for interaction with the cell receptor, these differences in the receptor binding sites should be expected to play an important role in the differences in pathogenicity.
INTRODUCTION
The fiber is noncovalently linked to the penton base (Boudin and Boulanger, 1982; Devauxetal., 1987; Caillet-Boudin, 1989) which is located at each of the 12 vertices of the icosahedral capsid. The fiber knob carries the component responsible for interaction with the cell receptor (Pereira and de Figueiredo, 1962; Valentine and Pereira, 1965; Pettersson et aL, 1968; Louis et al., 1994) and determines, together with the hexon, the serotype specificity of the virus (Norrby, 1969a) . The length of the fiber, visualized by electron microscopy, varies between 10 and 50 nm depending on the adenovirus subgenus (Norrby, 1969b) . A fiber model proposed for AV2 by Green et al. (1983) divides the fiber into three domains, an N-terminal tail that interacts with the penton base, a shaft composed of 22 repeats of a 15-amino-acid motif organized in two short /~-strands, and two/~-bends and a knob at the C-terminus. Similar findings, differing only in the number of motifs, have been made for adenoviruses belonging to the subgroups B (Sign,s eta/., 1985; Hong etaL, 1988; Mei and Wadell, 1993), F (Kidd and Erasmus, 1989; Kidd et aL, 1990; Pieniazek et al., 1989 Pieniazek et al., , 1990 , and E (Gruber et aL, 1993) .
Human adenoviruses (AV) of subgenus D show a high 1To whom correspondence and reprint requests should be addressed.
degree of serological diversity. The subgenus comprises 31 established serotypes (e.g., AV8, AV9, and AV15) and a great variety of intermediate strains (Wigand and 1989) and compared the nucleotide sequences and the predicted amino acid sequences.
MATERIALS AND METHODS

Cells and viruses
AV8 (strain 1127; Wigand et aL, 1983) , AV9 (prototype Hicks; ATCC), AV15 (prototype 0H38; ATCC), AV15/H9,1 (5399; Adrian et al., 1989) , and AV15/H9,2 (Morrison; Adrian eta/., 1989) were passaged several times in HeLa cells. Viral DNA was extracted from infected cells as previously described (Doerfler, 1969) .
Construction of AV15 plasmids and DNA sequencing
AV15 was digested with BamHI (physical map= Adrian eta/., 1989) and the suitable DNA fragments E (1800 bp) and F (1500 bp) were cloned into pBluescript II KS + . A library of nested unidirectional deletions was generated (Henikoff, 1984) and selected clones were sequenced by the dideoxy procedure (Sanger et aL, 1977) . Comparison with established sequences of AV2 (H6riss6 and Gallbert, 1981; H6riss6 et a/., 1980) and AV7 (Hong et al., 1988) fiber genes confirmed that the AV15 fiber gene is located between map units 0.88 and 0.92. PCR, construction of AV8, AV9, and AV15/H9 plasmids and DNA sequencing After having determined the nucleotide sequence of the AV15 fiber gene and parts of the 5'-and 3'-flanking regions, an appropriate pair of oligonucleotide primers for amplifying the fiber genes of AVS, AV9, and the AV15/ H9 genome types was evaluated, namely,
• F1 (forward primer)= 5'-AAGGGATGTCAAA-FFCC-3' and • F2 (reverse primer), 5'-CTGGTGGTGGG-3'.
The primers are underlined in Fig. 2 . As a control, the primer pair was also applied for the amplification of the AV2 fiber gene. PCR was carried out in 100-#1 reaction mixtures containing 50 ng of viral DNA, 50 mM KCI, 10 mM Tris-HCI (pH 8.3), 1.5 mM MgCI2, 200 # M of each dNTP, 0.5 ffM of each F1 and F2 primers, and 2.5 U Taq Polymerase (Boehringer-Mannheim). Thermal cycling was performed as previously described (Pring-Akerblom and Adrian, 1994) , except that only 36 instead of 40 cycles were completed. Five microliters of the final reaction products were analyzed in a regular 1% agarose gel and stained with ethidium bromide (Fig. 1) . Appropriate sam ~ pies were concentrated and purified with microconcentrators "Centricon-100" (Amicon) and ligated into pUC18 following the Sure Clone Ligation kit manual (Pharmacia). Sequencing was performed using specific internal primers. Further analysis o f sequence data was accomplished using DNASIS (Pharmacia). FJG. 1. PCR amplification of fiber genes. The agarose gel electrophoreals of the amplification products shows the characteristic length of the subgenus D fiber regions; AV15, 1116 base pairs (bp); AV8, AV9, AV15/H9, 1, 1089 bp (the 27 bp difference cannot be detected). The variance in length between AV2 and the subgenus D fiber genes can easily be visualized by PCR. Lanes, 1, AVS; 2, AV9; 3, AV15; 4, AV15/ H9,1; 5, AV2; M, molecular weight standard VI (Boehringer-Mannheim).
Accession numbers
The presented nucleotide sequences have been deposited with the EMBL/Data Library under Accession Nos. X74660 (AVS), X74659 (AVg), X72934 (AV15), X74658 (AV15/H9,1 ), and X76706 (AV15/H9,2).
RESULTS
Nucleotide sequences of subgenus D fiber genes
We have determined the nucleotide sequences of the AVS, AV9, AV15, AV16/H9,1, and 15/H9,2 fiber genes (Fig.  2) . Besides the fiber coding regions (represented by a single open reading frame), we also present 5'-and 3'-flanking sequences. The analyzed 5'-noncoding regions comprised 50 (AV8) and 49 nucleotides (AV9, AV15, AV15/H9 intermediate strains), and the 3 '-noncoding regions comprised 73 (AV15), 89 (AVS), and 90 (AVg, AV15/ H9 intermediate strains) nucleotides. In contrast to the 3'-flanking regions, the 5'-flanking regions were rather invariant. The comparison of, e.g., AV8 and AV9 revealed only one nucleotide substitution and one insertion in the 5'-noncoding regions, while the 3'-noncoding regions exhibited 22 nucleotide substitutions and one deletion (Fig. 2) . The 3 '-noncoding region of the AV15 fiber gene showed 16 (17) deletions in comparison to AV8 (AV9; AV15/H9).
Analysis of the sequences showed that the fiber cod- Note. Structural domains of the fiber potypeptide sequences were designated as tail-, shaft-, and knob-coding regions according to the secondary structural model of Green et al. (1983) .
a The AV9 fiber polypeptide is identical to the AV15/H9,1 and AV15/H9,2 polypeptides. The presented values are rounded off.
ing region of AV15 was 1116 nucleotides long, whereas the corresponding regions of the other fiber genes were only 1089 nucleotides long. This difference in length depended mainly on an 18 nucleotide long "extension" at the 3'-end of the AV15 fiber gene. Instead of a stop codon, as seen in AV8 (TAA), AV9, and the 15/H9-variants (TGA), the AV15 fiber sequence revealed an "AAT" codon. As this codon codes for the amino acid asparagin (N) the open reading frame was continued to a stop codon 18 nucleotides further downstream. On DNA level, the investigated overall homology between the fiber genes of AV15/AV8, AV15/AV9, AV15/ AV15/H9,1, and AV15/H9,2 resembled the homology found for the AV2/AV5, subgenus C (Chroboczek and Jacrot, 1987) and AV3/AV7, subgenus B (Hong et aL, 1988) fiber genes (Table 1) . AV3/AV7, however, exhibited a slightly lesser homology (overall homology, 64%) than AV2/AV5 (overall homology, 73%), AV15/AV8 (overall homology, 70%), and AV9/AV15 (overall homology, 71%). As expected from the serological data, AV8 and AV9 revealed similar fiber genes. The overall homology amounted to 92%. Both AV15/H9 intermediate strain fiber genes were 100% identical to AV9 not only in the coding region, but also in the presented 5'-and 3'-flanking regions.
Organization and homology of subgenus D fiber polypeptides
The amino acid sequences of the five fiber genes were deduced from the nucleotide sequences (Fig. 2) and aligned for maximum homology (Fig. 3) . The predicted AV15 fiber polypeptide comprised 371 amino acid residues, whereas the fiber polypeptides of AV8, AV9, AV15/ H9,1, and AV15/H9,2 each comprised 362 amino acid residues. As AV9 and the AV15/H9 intermediate strains were 100% identical on DNA level, the expected fiber proteins also were identical. Ishibashi and Maizel (1974) showed that the polypeptide of AV2 contained two residues of GIcNAc linked to the polypeptide chain by an Oglycosidic bond. Three possible N-linked glycosylation sites (-N-"X"-S/T-) were found in AV8 and AV9; AV15/H9 intermediate strains could be detected at amino acid positions 60, 216, and 231, whereas in AV15 four sites could be detected at positions 232, 258, 286, and 295 (Fig. 3) .
The analyzed peptide sequences were consistent with the structural domains first described for AV2= an aminoterminal tail region, a carboxy-terminal knob, and an intervening shaft region composed of repeating 15-aminoacid segments organized in two short/~-strands and two /~-bends (Green et al., 1983) . The tails corresponded to the N-terminal 43 amino acids. This region interacts with the penton base and is very similar within a given subgenus (Table 1) , but seems more variable from subgenus to subgenus (e.g., 62% AV2/AV15; 60% AV2/AV9, subgenus C/D; 47% AV3/AV9, subgenus B/D). Interestingly, AV9 and the intermediate strains showed a greater homology (98%) with AV15 than with AV8 (93%). The amino acids (-K-R-L-R-) found in the beginning of the tail sequences correspond to the proposed consensus sequence (-K-R/ K-"X"-R/K-), predicted for the nuclear localization signal (Chelsky eta/., 1989) . This region has been shown to be important for transfer of the AV2 fiber peptide from the cytoplasm to the nucleus during assembly (Hong and Engler, 1991) . So far the "X" can now be substituted by "A" (AV2, AVS, AV3, AV4, AV40, AV41), "V" (AV7, AV11), FIG. 2. DNA sequences of the AV8, AV9, AV15/H9, and AV15 fiber genes and parts of 5'-and 3'-noncoding regions. The structural domains tail, shaft, and knob are marked by arrows ($). The primers (F1 and F2) , the initial codons, and the termination codons are underlined. Deletions resulting from the alignment are represented by dashes (-). The numbering on the left of the figure takes the deletions into account. *, The sequence represents the two identical AV15/H9,1 and AV15/H9,2 DNA sequences. AV8 IMTKRLRAEDDFNPVYPYGYARNQNIPFLTP AV9;15~9 # ****************************** A~ ****************************** $ s~ft AV8 31PFVSSNGFQNFPPGVLSLKLADPITINNQN AV9;15/H9 ****************************** A~5 ****************************** AV8 AV9; 15/H9 AVI5 61VSLKVGGGLTLQEETGKLTVNTEPPLHLTN ****************************** ****************************** AV8 AV9; 15/H9 AVI5 91NKLGIALDAPFDVIDNKLTLLAGHGLSIIT ****************************** ***EL*F***LYEKNG**A*KT****AVL* AV8 AV9; 15/}{9 AVI5 121KETSTLPGLVNTLVVLTGKGIGTDLSNNGG ****************************** *DIGI-*E*IGS**I********GTVAG** AV8 AV9;15/H9 AVI5 AV8 Avg;15/H9 AVI5 151N I CVRVGEGGGLS FNDNGDLVAFNKKED KR ****************************** ****************************** &Knob 181 TLWT T PD T S *NCR I DQDKDSKL S LVLTKC G ****************************** ************************ ******* AV8 AV9;15/~19 AVI5
211SQILANVSLIVVAGRYKIIN~NT-NPALKG *********************** Q***** *****SF**L**K*T*ATVDK**T*---*Q AV8 AV9 ; 15/H9 AVI5 241FTIKLLFDKNGVLMESSNLGKSYWNFRNQN ****************************** *********************-******** AV8 AV9; 15/H9 AVI5 271SIMSTAYEKAIGFMPNLVAYPK---PTTGS **********************___***** *VV**P*DN*VP****TT****IINS*+VP AV8 AV9; 15/I-19 AVI5
301
-KKY-ARD-IVYGNIYLGGKPHQPVTZKT *********_******************** EN**SS*KKT**-**V**E*NAG***AVAI AV8 AV9; 15/I-19 AVI5 331TFNQETGCEYSITFDFSWAKTY-VNVEFET **********************_******* ****************************** AV8 AV9;15/H9 AVI5 361TSFTFSYIAQE" **~********* S*M********NQDKGE" 
Note. Structural domains of the fiber polypeptide sequences were designated as taib, shaft-, and knob-coding regions according to the secondary structural model of Green et aL (1983) . *, residues from identical groups (e.g., nonpolar ~ nonpolar); +, polar ~ nonpolar; #1, polar neutral ~ polar hydrophilic; #~, polar basic hydrophific ~ polar acidic hydrophilic.
The presented AV8/AV9 amino acid exchanges are identical to the exchanges found for AVB/AV15/H9,1 and AV8/AV15/H9,2.
mismatches were evenly distributed along the fiber shaft. However, in the second/g-strand of motif 6 a cluster of four differing amino acid residues (-D-L-S-N/E-S-T-D-) could be detected. Although the shaft of AV15 revealed several clusters, a cluster in the same position could be observed. The amino acid sequence (-T-L-W-T-) at the shaft-knob junction is another conserved region not only in subgenus D, but also in all other so far sequenced human adenoviruses. The fiber knob of AV15 comprised 190 amino acid residues and was consequently 10 amino acids longer than the fiber knobs of AV8, AV9, and the AVl 5/H9 intermediate strains, each with a length 180 amino acids. The most striking feature of the AV15 knob was the "N-Q-D-K-G-E-extension" at the carboxy-end of the protein. The fiber knobs of AV15 and AV8 displayed a homology of 56%, whereas the corresponding regions of AV15 and AV9; AV15/H9 only showed a homology of 54%. The fiber knobs of AV8 and AV9; AV15/H9 were 95% homologous. The AV15, AV8, and AV9, AV15/H9 fiber knobs shared 41 and 43% amino acid homology, respectively, with the fiber knob of AV2. These values were considerably higher than, e.g., the homology shared by AV3 and AV9 in the knob region (26%). The amino acid sequence (-A-"X"-G-F-M-P-"X-X-X"-A-Y-P-) is a highly conserved region observed in the fiber knobs of all adenovirus serotypes analyzed so far.
Amino acid analysis of the predicted AV8 and AV9; AV15/H9 host receptor binding sites
The fiber proteins of AV8 and AV9; AV15/H9 intermediate strains exposed an overall homology of 92%. The 8% difference resulted from 29 amino acid mismatches, 3 in the tail regions, 17 in the shaft regions, and 9 in the knob regions ( Table 2 ). The nine amino acid exchanges in the knobs were not evenly distributed; seven mismatches were located within the first 86 amino acids of the Nterminus. In contrast, the observed amino acid exchanges in AV15 did not show any specific clustering in the N-terminus of the knob. In four of the nine mismatches in the knob region solely, residues of identical amino acid groups had been exchanged (twice R ~ K, both polar basic hydrophilic amino acid residues; S ~ T, both polar neutral; and N ~ Q, both polar neutral). In the other five mismatches, however, amino acid residues from distinct groups were exchanged, thus changing charge and/or polarity of the corresponding sites (A D, nonpolar neutral ~ polar acidic hydrophilic; K ~ E, polar basic hydrophilic ~ polar acidic hydrophilic; Q E, polar neutral ~* polar acidic hydrophilic; T ~ A, polar neutral ~ nonpolar neutral; H ~ D, polar neutral ~ polar acidic hydrophilic).
DISCUSSION
The nucleotide sequences comprising the coding regions and parts of the 5'-and 3'-noncoding regions of the AVB, AV9, AV15, 15/H9,1, and 15/H9,2 fiber genes have been determined. To date, fiber genes belonging to subgenus B, C, E, and F have been sequenced and compared (H#riss6 and Galibert, 1981; H6riss6 et al., 1980; SignBs et al., 1985; Chroboczek and Jacrot, 1987; Hong eta/., 1988; Kidd and Erasmus, 1989; Pieniazek et a/., 1989 Pieniazek et a/., , 1990 Mei and Wadell, 1993; Gruberetal., 1993) . The presented data elucidate the organization of subgenus D fiber genes and pelypeptides and thus complement the knowledge of the human adenovJrus fibers. Several consensus sequences detected by other groups could be confirmed for subgenus D fibers. A subgenus determinant 6 has been described at the proximal end of the shaft, very close to the junction between the penton base and the fiber (Pettersson and H6glund, 1969; Wadell and Norrby, 1969; Boudin and Boulanger, 1981) . Two consewed sequences within this region could be detected when comparing the subgenus D fibers with the subgenus C fibers in the tail region (-Y-A-R-N-Q-N-I-; amino acid positions 19-25; Fig. 3 ) and in the N-terminus of the shaft (-T-G-K-L-T-; amino acid positions 75-79). However, as only the corresponding sequences in the tails are also conserved within subgenus B (subgenus C, -T-E-T-G-P-P-T-V-; subgenus B,-D-E-S-S-T/S(AV3)-Q-H-; subgenus E, AV4, -A-D-N-A-P-F-T-V-; subgenus F, -H-Y-N-P-L-D-I-) and not in the shaft region (subgenus B, AV3:
, the subgenus-specific determinant could be located in the tail region. Mei and Wadell (1993) presumed the sequence (-F-M-P-S-T-T-A-Y-P-F-) to be a subgenus-specific epitope in the knob, but it is rather a consensus sequence (-A-"X"-G/E1-F-M-P-"X-X-X"-A/R~-Y-P-; 1 subgenus F) found in all human adenoviruses sequenced so far, including subgenus D fiber proteins. An intersubgroup-specific determinant has been reported that is common to subgenera C and D (Pettersson et aL, 1968; Norrby, 1968 Norrby, , 1969a . The seven amino acid residues from positions 206-212 (Fig. 3) , represented by (-L-T-K-C-G-S-Q-), are 100% identical only between AV2/AV5 (subgenus C) and the subgenus D fibers. Presumably they carry the intersubgroup-specific determinant. The knob comprises the largest domain of the fiber (about the same length for all so far analyzed fiber polypeptides) and is thought to bear the determinant(s) of hemagglutination. As human adenoviruses of subgenus C and D agglutinate rat blood cells, it is not surprising that the subgenus D fiber knobs share 41 (AV15) and 43% (AV8, AV9; AVl 5/H9 intermediate strains) amino acid residues, whereas the homology to AV3, which is characterized by agglutinating simian blood cells, is significantly lower (e.g., AV3/AV9, 26%).
Among human adenoviruses, subgenus D shows by far the greatest diversity. It appears that new types emerge and spread in the human population, and in addition to new prototypes serologically intermediate strains are frequently found (Wigand and Fliedner, 1968; Roos et al., 1972; Wigand and Adrian, 1989) . These observations raised the question of the origin of intermediate strains. AV9 and the AV15/H9 genome types cannot be distinguished by HI. These serological data could now be confirmed on DNA level. AV9 and both analyzed AV15/H9 intermediate strain fiber genes were 100% identical in the coding region and also in the presented 5'-and 3'-noncoding regions. The variable and parts of the conserved hexon gene regions of AV15, AV9 and the AV15/ H9 intermediate strains were also determined (unpublished data) and revealed that AV15/H9,1 and AV16/H9,2 were 100% identical, but showed 5 nucleotide changes in the 3'-conserved regions when compared to AV15. However, as the nucleotide changes were only transitions in the third position of the codon, the amino acid sequences were 100% identical. These findings support the hypothesis that intermediate strains arise by recombination of two serologically different parent viruses (Sambreok et aL, 1980; Boursnell and Mautner, 1981) .
The initial step in the infection by adenoviruses is the recognition of the virus by a host cell receptor. Since the knob is the component responsible for interaction with the cell receptor (Pereira and de Figueiredo, 1962; Valentine and Pereira, 1965; Pettersson eta/., 1968) , the presented nine amino acid exchanges could be responsible for the differences in tropism and thus pathogenicity of AV8 and AV9; AVl 5/H9 intermediate strains. Our findings are supported by the analysis of the two genome types AV11p and AVlla, displaying 14 mismatches in the knob regions, which are expected to be responsible not only for the observed differences in hemagglutination but also differences in tropism (Mei and Wadell, 1993) . In contrast, AV40 and AV41, both causing gastroenteritis in infants (Uhnoo et aL, 1983) , only showed four mismatches in the fiber knob (Kidd etaL, 1990) .
